Abstract. The existence of an imperfect reference standard presents complications when evaluating the unbiased performance of novel diagnostic techniques. This is especially true in the absence of a gold standard, as is the case in chronic Chagas disease (CD) diagnosis. To circumvent this constraint, we elected to use latent class analysis (LCA). Previously, our group demonstrated the high performance of four Trypanosoma cruzi-chimeric proteins (Molecular Biology Institute of Paraná [IBMP]-8.1, -8.2, -8.3, and -8.4) for CD diagnosis using several distinct immunoassays. Although commercial tests had previously been established as a reference standard, the diagnostic performance of these chimeric antigens could present bias because these tests fail to produce 100% accurate results. Thus, we used LCA to assess the performance of these IBMP chimeric antigens in chronic CD diagnosis. Using the LCA model as a gold standard, sensitivity and specificity values ranged from 93.5% to 99.4% and 99.6% to 100%, respectively. The accuracy values were 96.2% for IBMP-8.2, approximately 98% for IBMP-8.1 and IBMP-8.3, and nearly 100% for IBMP-8.4. For IBMP-8.1 and IBMP-8.2, higher positive predictive values were associated with increases in hypothetical prevalence. Similarly, higher hypothetical prevalence resulted in lower negative predictive values for . In addition, samples with serodiscordant results from commercial serological tests were analyzed using LCA. Molecular Biology Institute of Paraná -8.1 demonstrated potential for use in confirmatory testing with regard to samples with inconsistent results. Moreover, our findings further confirmed the remarkable performance of the IBMP-8.4 antigen to diagnose chronic CD in both endemic and non-endemic areas.
INTRODUCTION
Chagas disease (CD), a life-threatening condition arising from the hemoflagellated protozoan Trypanosoma cruzi, represents a major health problem in Latin America. 1 This disease affects more than five million people in 21 Latin American countries. 2 In Brazil alone, 4.6 million people were estimated to be infected in 2014. 3 During recent decades, an increasing number of cases in the non-endemic countries of North America, 4 Europe, 5 Asia, 6 and Oceania 7, 8 have been described. Despite successes in vector eradication and blood donor-screening programs funded by large-scale multinational initiatives, 9 the incidence of CD continues to increase in areas that lack control measures. Considering the fact that CD is characterized by a prolonged asymptomatic phase and that most affected individuals reside in peri-urban slums or rural areas, improvements in measures to control and prevent CD must be made. Because most chagasic (Ch) individuals in the ongoing chronic phase are never tested and remain unaware of their condition, it is essential to develop accurate CD diagnostic tools for use both in routine health services and at blood centers. Laboratory diagnostic techniques are dependent on illness stage and clinical symptoms. During the acute phase, direct microscopic observation of trypomastigote forms is the preferred method to affirm diagnosis as a result of high parasite load in the blood. In this phase, indirect serological methodologies present low sensitivity due to a delayed humoral immune response. 10 Symptoms present rarely or are unspecific, including fever and an occasional inflammatory reaction at the infection site. Conversely, chronic CD is characterized by a substantial decrease in parasitemia and the presence of several specific antibodies (immunoglobulin G) directed against the pathogen. 11 Despite low parasite levels, approximately 30% of infected individuals develop cardiac and gastrointestinal manifestations. 12 Under these circumstances, direct microscopic observation fails, whereas indirect serological methodologies have proven highly sensitive. Several serological methods are available for CD diagnosis, [13] [14] [15] [16] [17] with enzymelinked immunosorbent assays (ELISAs) being the most widely used. However, the performance of these assays varies greatly because of the antigen preparations used to detect the anti-T. cruzi antibodies, in addition to genetic heterogeneity among circulating strains. 16, 18 Because no reference standard is currently available for CD, the World Health Organization has advocated the use of two tests in parallel for serodiagnostic verification. Under these circumstances, the diagnostic accuracy of novel methodologies cannot be evaluated in an unbiased manner, because the comparison of results implies the use of an imperfect reference standard. A strategy to circumvent this limitation entails the use of latent class modeling, which assumes that although the true disease status remains unknown, the available methods of evaluation do offer an approximation of the real state of disease. Accordingly, the probability of a given combination of test results yields a latent class status, that is, disease status. 19 Hence, latent class analysis (LCA) is capable of providing an estimation of disease status in cases in which a true gold standard is lacking.
Recently, our group assessed the adoption of recombinant chimeric antigens comprising repetitive fragments of antigenic T. cruzi parasite proteins for the detection of specific antibodies using distinct immunoassays. [20] [21] [22] [23] Although the use of two commercial tests had been previously established as a reference standard, 16 the diagnostic performance of the present chimeric antigens could be biased due to shortcomings in the accuracy of these commercial tests. 24 Considering this scenario, we endeavored to evaluate the diagnostic performance of four Molecular Biology Institute of Paraná (IBMP) chimeric antigens using LCA in the serodiagnosis of chronic CD.
MATERIALS AND METHODS
Ethics statement. 21 Isopropyl β-D-1-thiogalactopyranoside was used to induce the expression of IBMP chimeric antigens in BL21-Star (DE3) under suboptimal culturing conditions. Proteins were first purified by both affinity and ion exchange chromatography, and then quantified using a fluorometric assay.
Sampling and in-house ELISA procedures. Sample size was estimated with a sensitivity and specificity of 99%, an absolute error of 1.5%, and a 95% confidence interval (CI). Based on these specifications, the minimum number of samples needed to perform this study was 380 sera from nonCh (NCh) and 380 sera from Ch individuals. In all, 1,121 (526 NCh and 595 Ch) previously collected and anonymized human serum samples were enrolled. These sera were obtained from diverse Brazilian geographic areas, both non-endemic and endemic, and from other endemic countries in Latin America, as well as the United States. 20 Before analysis, all of these sera were simultaneously reevaluated using commercial ELISA tests, namely, ELISA Chagas III (batch 1F130525; BIOSChile, Ingeniaría Genética S.A., Santiago, Chile), Imuno-ELISA Chagas (batch 14D061; Wama Diagnostica, São Paulo, Brazil), Pathozyme Chagas (Omega Diagnostics, Scotland, United Kingdom), and Gold ELISA Chagas (Rem, São Paulo, Brazil). 16 In addition, to assess the diagnostic accuracy of the four chimeric proteins with respect to CD, another 105 samples that had previously presented serodiscordant results, or were judged to be inconclusive by one of the tests, were analyzed separately using latent class status as a gold standard. Finally, anti-T. cruzi serological testing was performed using in-house ELISA procedures as previously described. 21 Samples from individuals with leishmaniasis (N = 153) were used to assess the cross-reactivity using LCA.
Statistical analysis. Latent class analysis was performed using a statistical model to define a latent variable and then used as a gold standard. To define the latent variable capable of accurately identifying T. cruzi infection, four indicators representing IBMP-8.1, IBMP-8.2, IBMP-8.3, and IBMP-8.4 chimeric antigens were established. Sera were grouped into two categories: "positive" and "negative." Latent class analysis is a multivariate statistical approach based on categorical indicators that express a categorical construct/latent variable. Latent classes were characterized based on the response patterns of positive/negative results from the four chimeric antigens ( Figure 1 ) and on conditional probabilities, that is, the probability of having a particular result (positive/negative) for a chimeric antigen with respect to an individual diagnosis (positive/negative). The present LCA used maximum likelihood estimation. To evaluate the LCA model, the following criteria were used: AIC (Akaike information criteria), BIC (Bayesian information criteria), and entropy. For AIC and BIC, lower is better, whereas for entropy closest to one implies good classification quality. Conditional independence was verified using bivariate residuals. All analyses were conducted using Mplus v5.2 software (Muthén & Muthén, Los Angeles, CA). Considering the entire sample set, approximately half of each group (NCh and Ch) was randomly selected to define the gold standard used to determine T. cruzi infection under LCA. The other half of the sample was used to obtain estimations of sensitivity and specificity for each chimeric antigen using previously established latent class response patterns, with a corresponding CI of 95%. The area under receiver operating characteristic curves was used to estimate diagnostic accuracy, that is, to describe the capacity of the chimeric protein assay to discriminate between healthy and infected populations. These analyses were conducted using the diagt function in STATA software v12 (StataCorp., College Station, TX). Trypanosoma cruzi positive predictive values (PPV) and negative predictive values (NPV) were estimated with respect to a hypothetical prevalence range (from 0.05 to 0.60). 
PERFORMANCE OF CHIMERAS FOR DIAGNOSIS OF CD USING LCA RESULTS
A total of 1,121 samples (526 NCh and 595 Ch) were enrolled. Of these, about 50% (283 NCh and 284 Ch) were randomly selected to estimate the response patterns and accuracy in LCA using the four T. cruzi chimeric antigens. The probability of each chimeric antigen to accurately predict positivity in the Ch samples was 98.2% for IBMP-8.1, 92.6% for IBMP-8.2, 97.9% for IBMP-8.3, and 99.3% for IBMP-8.4. Conversely, the probability that a given NCh sample would be classified as Ch was estimated at 0.4% for all chimeric antigens. Accordingly, the entropy value was calculated at 0.999, indicating a clear delineation among the latent class response patterns. Figure 1 illustrates the latent class response patterns clustered according to diagnostic results obtained for the Ch and NCh samples assayed with the four IBMP chimeric antigens. Latent class response patterns were classified according to the number of positive assays: P1 (100% negative results), P2 (75% negative results), P3 (50% negative results), P4 (25% negative results), and P5 (no negative results). Despite variability in the number of samples classified in each pattern, the highest frequencies were observed in P1 and P5 categories. Samples were considered as Ch-positive when at least two chimeric antigens presented positivity (P3-P5), with posteriori probability (PP) > 87%. Conversely, samples were considered negative when no or only one IBMP tested positive (P1 and P2), with PP £ 0.8%.
The results of latent class status as determined by the response patterns were used as the gold standard to provide a reliable estimate of the performance of each individual chimeric assay. The IBMP-8.4 chimeric antigen yielded the highest sensitivity, achieving 99.4% (95% CI: 97.7-99.8). The sensitivity obtained for the other chimeric antigens ranged from 93.5% to 96.8% (Table 2) . With respect to specificity, all chimeric antigens exhibited values greater than 99.5%, with IBMP-8.3 and IBMP-8. 4 showing maximum specificity. Accuracy analysis revealed values of 96.2% for IBMP-8.2 and around 98% for IBMP-8.1 and IBMP-8.3, whereas IBMP-8.4 was found to be nearly 100% accurate (Table 2) . No evidence of cross-reactivity with the evaluated leishmaniasis samples was detected.
Positive predictive values and NPV were also estimated. Because the true prevalence of chronic CD is unknown, we used a hypothetical prevalence range to evaluate distinct scenarios. A total 105 samples that had previously presented serodiscordant results under commercial testing were analyzed separately to assess the diagnostic accuracy of the four chimeras, considering the latent class response patterns described in Figure 1 . The LCA model, used as a gold standard, classified 26 samples as negative (13.3% P1 and 11.4% P2) and 79 as positive (16.2% P3; 39% P4; and 20% P5). Figure 3 shows that Imuno-ELISA Chagas (65.7%) yielded the highest number of inconclusive results (represented as red bars), followed by the Pathozyme Chagas (27.6%). Sensitivity values ranged from 50.6% to 91.1%, with the lowest value obtained by IBMP-8.2, in contrast to the highest value obtained using ELISA Chagas III, followed by IBMP-8.1. Considering specificity, all IBMP chimeric antigens exhibited values greater than 80%, with the highest value achieved by IBMP-8.1 (96.2%). Conversely, all commercial tests produced specificity values inferior to 66%, with ELISA Chagas III presenting the lowest specificity overall (29.2%). The IBMP-8.1 chimera presented the highest accuracy of all diagnostic methods, which indicates its promising potential as a confirmatory test for samples with discordant results. Accuracy findings were corroborated by Cohen's kappa, which evidenced substantial agreement (0.79) between LCA and the IBMP-8.1 chimeric antigen assay.
DISCUSSION
Herein a latent class model was used to estimate the diagnostic performance of four recombinant chimeric antigenic proteins to precisely detect anti-T. cruzi antibodies. Sensitivity and specificity values ranged from 93.5% to 99.4% and 99.6% to 100%, respectively. These results are in agreement with previous reports using commercial tests as a gold standard, in which the performance of these proteins was previously assessed by both ELISA and liquid microarray (LMA). 20, 22 With respect to ELISA, these values ranged from 94.3% to 99.3% and 99.4% to 100%, respectively, 20 whereas under LMA, these values ranged from 96.9% to 99.1% and 99.1% to 100%, 22 respectively. Regarding accuracy, IBMP-8.4 was found to be nearly 100% accurate (99.6%), which suggests that this antigen is the best of the four chimeras for chronic CD laboratory diagnostic purposes. On the other hand, IBMP-8.2 offered the lowest accuracy (96.2%), which is likely because of its amino acid composition, as discussed elsewhere. 20 Intermediate values were obtained with regard to the other chimeric antigens, which are in accordance with the aforementioned studies.
Our analysis of predictive values using a hypothetical prevalence range indicated elevated PPV for IBMP-8.1 and IBMP-8.2 under increased prevalence scenarios, that is, favorable performance in an endemic context. On the contrary, decreased NPV was seen under elevated prevalence scenarios. Nonetheless, the NPV of the IBMP-8.4 antigen remained nearly constant, regardless of increases in prevalence. In response to the spread of infection worldwide, which has transformed CD into a global health concern, [25] [26] [27] it is crucial to develop a highly accurate test for use in areas, regardless of disease prevalence, to aid in the effective clinical management of Ch patients. Accordingly, we believe that the IBMP-8.4 chimeric antigen holds great potential. Furthermore, we have already demonstrated that this particular antigen successfully recognized anti-T. cruzi antibodies in CD-positive individuals from distinct geographic regions in Brazil and throughout Latin America. 20 Using four individual chimeric assays, a total of 16 response patterns were identified, which clustered into five categories. Groups P1 and P5 comprised the largest numbers of samples, which is probably because of the high accuracy offered by all four chimeras (³ 96.6%). We observed that a negative result for all chimeric antigens (P1) or for at least three (P2) defined a given sample as NCh. Conversely, positive results for two or more chimeric antigens determined samples as Ch (P3-P5). As expected, the greatest number of samples was found in P4, specifically because of a negative result obtained by the IBMP-8.2 assay, despite positive results returned from the other chimeras. This is obviously because of the decreased sensitivity (93.5%) found for this molecule. Despite the variation seen in sensitivity, the LCA model enabled us to obtain an unbiased evaluation of the performance of IBMP chimeric antigens.
According to our results, approximately 9% of the samples were deemed inconclusive or discordant by two or more commercial tests. Imuno-ELISA Chagas yielded the highest number of inconclusive results. This kit uses recombinant proteins as antigens, which likely resulted in the high number of inconclusive cases. In fact, when this test is applied in residents of distinct geographic regions, anti-T. cruzi antibodies do not efficiently recognize some antigens in Ch individuals. 28 Pathozyme Chagas also presented a high number of inconclusive results. Similar to Imuno-ELISA Chagas, this test uses recombinant proteins as antigens. The other commercial tests and the IBMP chimeric antigen assays returned a low number of inconclusive results. With regard to sensitivity, ELISA Chagas III, which uses whole extracts of T. cruzi strains Mn and Tulahuen as antigens, presented the highest value. Despite offering high sensitivity, this type of antigenic matrix has been demonstrated to lead to a high number of falsepositive or inconclusive results, 29 and correspondantly, this kit returned the lowest specificity value. Among the commercial tests, Gold ELISA Chagas, which uses both recombinant antigens and purified lysates from Brazilian strains of T. cruzi epimastigotes, was found to be the most accurate. As previously described, Gold ELISA Chagas performance was similar to that of the IBMP-8.4, IBMP-8.1 and IBMP-8.3 chimeric antigen assays. 20 Consistent with previous findings, [20] [21] [22] [23] herein IBMP-8.4 was shown to offer the highest performance among the four chimeric antigens with respect to chronic CD screening and laboratory diagnostic purposes, whereas the IBMP-8.1 chimeric antigen offers the highest potential as a confirmatory test.
The present study was limited by the testing of specimens from restricted geographical origins, which represents a limited number of circulating discrete typing units, in addition to the absence of Trypanosoma rangeli specimens. Furthermore, the number of leishmaniasis specimens used to assess crossreactivity was limited. However, a study using a larger sample of leishmaniasis-infected individuals (cutaneous and visceral) is currently underway. Nonetheless, our analysis confirmed the remarkable performance of these IBMP chimeric antigens in the context of chronic CD diagnosis, of which the IBMP-8.4 antigen presented superior accuracy. In addition, we call attention to the capability of the IBMP-8.1 chimera for use in confirmatory testing in cases of serodiscordant or inconclusive results.
Although the diagnostic performance of the chimeric proteins evaluated herein is promising, further investigation must be conducted to assess test accuracy in alternate scenarios, for example, of nonuniform DTUs arising from antigenic variability, in addition to comprehensively evaluating cross-reactivity with other species, including T. rangeli and Leishmania spp. In addition, as CD is considered a neglected disease, political obstacles must be overcome to improve the availability of commercial tests and more widely implement testing in not only endemic scenarios, but also routine blood testing.
